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SUMMARY OF TESTING
The physical property models developed earlier for the concentrated cesium eluate solutions were validated in this work against data taken during recent bench-scale evaporator runs with nonradioactive simulant feeds. The bench-scale data simulated the cesium eluate solutions derived from the ion-exchange processing of AN-102, AN-103, AN-107, AW-101, and AZ-102 supernate. The physical properties that were estimated using the models and compared against measured data included the density, heat capacity, viscosity, and bulk solubility of the saturated eluate solutions at 20 o C. Since it was difficult to determine the true saturation point with the bench-scale apparatus used, each model prediction was compared with the data taken just prior to and right after the formation of the first solids, which sets the maximum number of model-to-data comparisons that can be made at 40. However, due to missing heat capacity and viscosity data for both AN-102 and AN-103 samples, the actual number of model-to-data comparisons made in this work was 36.
The task acceptance criterion that requires model predictions to be within ±15% of measured data was met in 32 out of the 36 model-to-data comparisons made. Specifically, the predicted densities and heat capacities of the five saturated cesium eluate solutions were found to be all within ±15% of 18 measured data points. For the viscosity, the model predictions were found to exceed the task acceptance criterion for 2 out of 8 measured data points; the model under predicted the viscosities of the AN-103 and AN-107 post-precipitation samples by 24.0 and 21.6%, respectively. However, a closer analysis of data suggested that both discrepancies were likely due to the analytical errors caused by entrained micro-solids impeding the liquid flow through the Cannon-Fenske tube, thereby returning false high viscosity readings.
For the solubility, the model predictions were found to exceed the task acceptance criterion for 2 out of 10 measured data points; the model under predicted the bulk solubilities of both preand post-precipitation AN-102 samples by 15.6 and 21.0%, respectively. In fact, the predicted solubilities for the remaining samples were also consistently lower than the measured values, even though the task acceptance criterion was met in each case. This suggests a negative bias within the solubility model, which is thought to be partly due to the questionable prediction by the 6-component nitric acid database used in this work on the partitioning of total acid between dissociated and undissociated acids. However, under prediction of the bulk solubilities by the model would be conservative from the standpoint of precluding the potential for forming any solids during the transfer and storage of concentrated cesium eluate solutions.
It is therefore concluded that the physical property models that were developed as part of the Scoping Statement (SS) 79 requirements adequately predicted measured density, viscosity, heat capacity, and solubility data for the five saturated cesium eluate simulants in 32 of 34 cases, after excluding the two questionable viscosity data points. Furthermore, considering the fact that the two solubility predictions that exceeded the task acceptance criterion were limited only to the AN-102 samples, the models were then used to predict the physical properties of the radioactive AW-101 cesium eluate samples whose major cation concentrations were roughly half of those of the simulant but at a slightly higher acidity.
The density, viscosity, heat capacity, and bulk solubility of the radioactive AW-101 cesium eluate thus predicted at saturation all turned out to be quite similar to those predicted for the nonradioactive counterpart, which indicates that both feeds would lead to the same saturation endpoint. However, saturation was predicted to occur after nearly twice as much radioactive feed as the simulant had been fed. This doubled cumulative feed volume or volume reduction factor for the same saturation endpoint was expected, since each volume of the radioactive feed entering the evaporator pot would contain the same amount of acid as that in the same volume of simulant but only half of the remaining salts. The physical properties and volume reduction factor thus predicted for the saturated radioactive AW-101 cesium eluate were also validated indirectly by comparing the results of the earlier AW-101 simulant test against the new data obtained during this work using the same simulant feed but diluted by a factor of 4.
Since it is not possible to determine the 80% saturation point experimentally, the VRF model proposed earlier for the 80% saturated solutions could not be validated directly against data. Nevertheless, it is recommended that the VRF model in its current form not be used to predict the evaporator endpoint of 80% saturation to support plant operation. This recommendation is made based on the fact that the predicted VRFs for AW-101 and AZ-102 at 80% saturation were higher than those measured for their respective samples under either the pre-or postprecipitation conditions, which is physically not feasible.
This report provides a detailed description of model validation and application efforts made in this work, and issuing this report completes all the requirements of the Scoping Statements 74 and 79.
OBJECTIVES
This work contained two objectives. The first objective was to complete the remaining requirement of the task plan for the Scoping Statement 79 [Choi, 2001a]: To verify the mathematical equations developed for the physical properties of concentrated cesium eluate solutions against experimental test results obtained with simulated feeds.
The second objective was to satisfy the requirements of the Scoping Statement 74:
To estimate the physical properties of the radioactive AW-101 cesium eluate at saturation using the validated models.
CONDUCT OF TESTING
The overall task to validate the physical property models of saturated cesium eluate solutions and to further apply the models to the radioactive AW-101 cesium eluate was carried out in the following steps:
A. Derivation of model input data for simulant runs -The full compositions of the AN-102, AN-103, AN-107, AW-101 and AZ-102 cesium eluate simulants given elsewhere [Pierce, 2002 [Pierce, & 2003a were converted into the scaled weight fractions based on the six major cations only, including Al, Ca, Cs, H, K, and Na.
B. Estimation of physical properties at saturation -The scaled weight fractions of six major cations derived in Step A were entered into the physical property models derived earlier [Choi, 2003 ] to estimate the density, viscosity, heat capacity, and solubility of saturated AN-102, AN-103, AN-107, AW-101, and AZ-102 cesium eluate solutions at 20 o C.
C. Comparison of model predictions with measured data -The physical properties estimated in Step B were compared against bench-scale data taken just prior to and right after the formation of the first solids. The conformity to the task acceptance criterion was checked by calculating the difference between predicted and measured values of each property in terms of percent of the measured value.
D. Derivation of model input data for radioactive run -The full composition of the most representative radioactive AW-101 cesium eluate sample was derived from available analytical data [Hassan, 2003] and converted into the scaled weight fractions based on the six major cations only, including Al, Ca, Cs, H, K, and Na.
E. Estimation of physical properties of radioactive cesium eluate -The scaled weight fractions of six major cations derived in Step D were entered into the physical property models derived earlier [Choi, 2003] to estimate the density, viscosity, heat capacity, and solubility of saturated AW-101 cesium eluate solution at 20 o C.
F. Confirmatory testing with diluted AW-101 cesium eluate simulant -The physical properties of the saturated radioactive AW-101 cesium eluate estimated in Step E were validated indirectly by comparing the existing AW-101 simulant data against the new set of data obtained with a 4X diluted feed.
RESULTS AND PERFORMANCE AGAINST OBJECTIVES
The task acceptance criterion requires that model predictions be within ±15% of measured data [Choi, 2001a] . It is noted that the criterion was set to coincide with the typical analytical uncertainties on the order of ±15%. In Table 1 -1, the conformity of the physical property models to the task acceptance criterion is checked by calculating the degree of deviation of each model prediction from its measured counterpart in terms of percent of each measured property. Since the true saturation point could not be determined experimentally, each model prediction was compared against the data taken just prior to and right after the formation of the first solids for a total of 36 model-to-data comparisons or cases.
Also shown in Table 1 -1 are the estimated volume reduction factors (VRF), which represent the cumulative feed volume in multiples of pot volume in a constant-volume evaporator.
Model predictions were within ±15% of measured data in 32 out of the total 36 cases, and those 4 cases of nonconformity are shown in shades in Table 1 -1. Specifically, the predicted densities and heat capacities of the five saturated cesium eluate simulants were all within ±15% of 18 measured data points.
For the viscosity, model predictions differed from measured data by more than ±15% in 2 out of 8 cases; the model under predicted the viscosities of the AN-103 and AN-107 postprecipitation samples by 24.0 and 21.6%, respectively. However, both of these discrepancies were attributed to the analytical errors caused by entrained micro-solids impeding the liquid flow through the Cannon-Fenske tube, thereby returning falsely high viscosity readings. This claim is supported by the fact that the AN-103 and AN-107 viscosity samples were taken at the VRFs of 64 and 94, respectively, each of which is 4 higher than the corresponding VRFs when the presence of solids was first detected. This means that both solutions could have been concentrated significantly beyond the saturation point by the time the viscosity samples were taken, thus increasing the likelihood of solids entrainment. For the solubility, model predictions differed from measured data by more than ±15% in 2 out of 10 cases; the model under predicted the bulk solubilities of both pre-and post-precipitation AN-102 samples by 15.6 and 21.0%, respectively. In fact, although to a lesser degree, the predicted solubilities for the remaining samples were all lower than the measured values. These consistent under-predictions suggest that a negative bias exists in the solubility model. One source for such bias could be an anomaly found in the 6-component nitric acid database used in this work; the current database tends to significantly under-predict the degree of acid dissociation as the total acid content in the pot decreases. Thus, the predicted concentration of undissociated acid would remain high even during the latter part of evaporation, which would continue to promote acid volatilization into the overhead and steady reduction of acidity in the pot. And it is the latter effect that would lead to lower bulk solubility predictions. It is not clear why the discrepancies between predicted and measured solubilities were particularly large for the AN-102 sample. It is, however, noted that under predicted solubilities would be conservative from the standpoint of precluding the potential for forming any solids during the transfer and storage of concentrated cesium eluate solutions.
It is, therefore, concluded that the physical property models developed as part of Scoping Statement 79 requirements adequately predicted measured density, viscosity, heat capacity, and solubility data for the five saturated cesium eluate simulants in 32 out of 34 cases, after excluding the two questionable viscosity data points. Furthermore, since the two solubility predictions that exceeded the task acceptance criterion were limited only to AN-102 samples, the models were next used to predict the physical properties of the radioactive AW-101 cesium eluate samples whose compositions were derived from the data taken during ion-exchange runs in the Intermediate Level Cell of SRTC.
As shown in Table 1 -2, the physical properties of the radioactive AW-101 cesium eluate thus predicted at saturation turned out to be quite similar to those predicted for the nonradioactive simulant. This means that despite the fact that the concentrations of the major cations in the radioactive feed were roughly half of those of the simulant but at a slightly higher acidity, the two feeds were predicted to produce nearly the same saturated evaporator bottom. The VRF model predicted that it would take nearly twice as much radioactive feed as the simulant to reach the 80% saturation point with respect to NaNO 3 (and the same trend should continue to 100% saturation). Since none of the major cation salts except HNO 3 are volatile, and their relative concentrations are roughly the same in both feeds, this VRF prediction should then lead to nearly the same saturation point for both feeds, as long as the acid profiles of the pot liquid track each other closely throughout the evaporation cycle.
The close tracking of acid profiles has been confirmed by the bench-scale data obtained during this work. To support the overall validation efforts, an evaporation test was conducted using the feed that contained the same molar concentration of acid as that of the baseline AW-101 simulant, but the concentrations of the remaining cations were diluted to one-fourth of their respective cation concentrations in the baseline feed [Pierce, 2003] . The test results showed that the measured VRF for the 4X diluted feed was exactly 4 times that of the undiluted feed, and the measured physical properties at saturation were practically identical for both feeds, which confirm the validity of the model results shown in Table 1 -2. 
QUALITY REQUIREMENTS
This work was conducted in accordance with the RPP-WTP QA requirements specified for work conducted by SRTC as identified in DOE IWO M0SRLE60. SRTC has provided matrices to WTP demonstrating compliance of the SRTC QA program with the requirements specified by WTP. Specific information regarding the compliance of the SRTC QA program with RW-0333P, Revision 10, NQA-1 1989, Part 1, Basic and Supplementary Requirements and NQA-2a 1990, Subpart 2.7 is contained in these matrices.
The quality assurance plan for the ESP software has been issued [Choi, 2001b] . The most essential element of the software verification and validation (V&V) relevant to this work is on the development of the HNO3DB database, which is discussed elsewhere [Choi, 2003] . The results presented in this report satisfy the requirements outlined in the Task Technical and Quality Assurance Plan for this task [Choi, 2001a] . The task plan specifies that all work described in this report does not invoke the additional RW-0333P QA requirements.
ISSUES
None
DISCUSSION
The Hanford River Protection Project (RPP) Hanford Waste Treatment and Immobilization Plant (WTP) is currently being built to extract radioisotopes from the vast inventory of Hanford tank wastes and immobilize them in a silicate glass matrix for eventual disposal at a geological repository. The baseline flowsheet for the pretreatment of supernatant liquid wastes includes removal of cesium using regenerative ion-exchange resins [Olson, 2001] . The loaded cesium ion-exchange columns will be eluted with nitric acid nominally at 0.5 molar, and the resulting eluate solution will be concentrated in a forced-convection evaporator to reduce the storage volume and to recover the acid for reuse [Woodworth, 2002] . The reboiler pot is initially charged with a concentrated nitric acid solution and kept under a controlled vacuum during feeding so the pot contents would boil at 50 o C. The liquid level in the pot is maintained constant by controlling both the feed and boilup rates. The feeding will continue with no bottom removal until the solution in the pot reaches the target endpoint of 80% saturation with respect to any one of the major salt species present.
One of the critical operating requirements of the eluate evaporator is that the potential for any solids formation in the bottom product must be precluded. To ensure solids-free operation, the bulk solubility of cesium eluate solutions must be determined accurately, and the target evaporation endpoint must set based on this bulk solubility. Once a target endpoint has been determined, the capability to accurately predict the physical properties of cesium eluate solutions concentrated to that target endpoint is desired, since such a priori predictive tools would undoubtedly yield valuable information on the design and operation of the eluate evaporator and storage tanks, thereby supplementing or even replacing costly experimental tests.
In an earlier work [Choi, 2001c] , the bulk solubilities of the AN-107 cesium and technetium eluate solutions were calculated by developing a semi-batch evaporator model using the OLI/ESP software [ESP, 2002] , and the mathematical correlations or models for the density, viscosity, and heat capacity of 80% saturated eluate solutions were developed as a function of temperature only. The test specification for this task then expanded the modeling scope by requiring that the physical property models be developed specifically for the AZ-102 cesium eluate, but as a function of both temperature and unevaporated eluate composition [Longwell, 2001] . Tank AZ-102, categorized as an Envelope B tank, was chosen because it is projected to contain the highest level of soluble cesium among the tanks to be processed during the first 10 years of WTP operation. However, the modeling scope was even further expanded later in the task plan, which required that a set of physical property models be developed that are applicable to Envelope A and C as well as Envelop B cesium eluate feeds at temperatures between 20 and 60 o C [Choi, 2001a] .
A unique feature of the physical property models thus developed is that they were built on the virtual data generated from the statistically designed computer experiments [Choi, 2003] . Therefore, in order to establish any credibility for the models, they must be validated against actual test data; the necessary data were taken during recent bench-scale evaporator tests using simulated cesium eluate feeds [Pierce, 2002 [Pierce, & 2003 .
Once the validation of models was complete, thus satisfying the remaining requirement of the Scoping Statement 79, this work was also concerned with applying the validated models to predict the physical properties of the radioactive AW-101 cesium eluate in order to satisfy the requirements of the Scoping Statement 74. This report summarizes the results of validation and subsequent application of the physical property models of the projected WTP cesium eluate solutions covering all waste envelopes.
PHYSICAL PROPERTY MODELS
The models developed earlier are of the following linear form [Choi, 2003] : The values of the model coefficients are given in Table 2 -1 for both 80% and 100% saturated cesium eluate solutions with respect to NaNO 3 . It should be noted that since both the VRF and the bulk solubility are closely related, only one of the two was modeled for either the 80% or 100% saturation case, but not both. Table 2 -1 were determined by optimizing physical property data calculated from extensive computer runs using a statistically designed matrix of hypothetical feeds as the input [Choi, 2003] . The minimum and maximum concentration ranges of the six major cations given in Table 2 -2 along with the temperature range from 20 to 60 o C formed the factor space of interest in the design of the test matrix. The combined concentration of the remaining minor cations not included in the model ranged from 1.8 to 8.6 wt% of the total cations in the eluate samples considered for the matrix design. The physical property models given in Table 2 -1 have the following attributes and constraints:
The values of model coefficients given in
• All models were derived based on 7.25 M initial acid charge and validated in this work against data taken with 7.5 M initial acid charge. Until further validation is done, their application is not recommended for the initial acid charge below 7 M or above 8 M.
• The coefficients of the VRF model for the 80% saturated solutions are highlighted in bold, since they could not be validated against test data, and the results of indirect validation were inconclusive at best. As a result, its application to predict the 80% saturation endpoint in support of plant operation is not recommended (see Section 2.6).
• The solubility model has a negative bias, which is conservative from the standpoint of precluding the potential for solids formation (see Section2.3.4).
EXPERIMENTAL DATA
Non-radioactive simulant tests were run to generate the necessary data for the model validation [Pierce, 2002 [Pierce, & 2003 . The feeds used in these tests simulated the five cesium eluate samples used earlier to define the ranges of major cation concentrations shown in Table 2 -2 for the test matrix design. The compositions of the five simulant feeds thus used to generate the validation data are shown in Table 2 -3 in terms of scaled weight fractions of cations only, since nitrate was the only significant anion detected in the cesium eluate samples. It should be noted that of the two scaled weight fraction composition sets, the one that is scaled for the six major cations only (shown in the lower part of Table 2 -3) was used as the actual input to the models.
Although the intent was to simulate the five eluate samples used in the test matrix design, the scaled weight fractions of some species in the resulting simulants turned out to be just outside the concentration ranges given in Table 2 -2. Those nonconforming species are highlighted in bold in Table 2 -3, and the percent deviations from their respective maximum or minimum bounds were -1.2% for Na in AN-103, 4.8% for H in AN-107, -0.8% for H in AW-101, and -2.8% for Cs in AZ-102. Here, the positive and negative signs indicate deviations from the maximum and minimum concentration bounds, respectively. Since all these deviations were relatively small and well within the analytical error bounds, they were ignored in this work.
Five simulant solutions with varying concentrations of nitrate salts were evaporated until the solubility limit of NaNO 3 was reached. Since the evaporator was operating at 50 o C, and the physical properties were to be measured under saturation at 20 o C or ambient temperature, the samples of pot liquid were pulled periodically throughout the duration of each test and allowed to cool to look for the presence of any solids. As a result, the model-to-data comparison was made on four physical properties of evaporator bottom samples pulled just prior to and right after the detection of the first solids at 20 o C. The properties evaluated include the density, viscosity, heat capacity, and bulk solubility. The data compilation is included as Table 2-4.
Most of the data represented direct measurements from the five semi-batch evaporation tests. In some cases, however, due to the apparent anomaly or unavailability of data at a specific volume reduction factor (VRF) and temperature, some of the data were estimated by trending the remaining data associated with the respective tests. In summary, the reported data in Table 2 -4 have the following attributes:
• The density data given for AN-102 (at VRF = 40), AN-103 (at VRF = 56), and AZ-102 (at VRF = 40) do not represent measured values at the respective VRFs. Instead, these data were estimated by interpolation of the data measured at lower and higher VRFs.
• All density data were taken at 20 o C, regardless of the presence of solids [Pierce, 2003 ].
• The viscosity and bulk solubility data were taken at ambient temperature. Although it was reported to be 23 o C [Pierce, 2003] , ambient temperature in the SRTC laboratory actually ranged from 20 to 24 o C during the test. So, the measured viscosity and bulk solubility data were compared directly to the model predictions made at the same temperature of 20 o C as was for the density.
• The heat capacity data were extrapolated from the existing data. The original data were measured in the respective samples over the temperature range of 35-80 o C. These data were then extrapolated back to 20 o C to obtain the values given in Table 2 -4.
• The viscosity data for AZ-102 TFL were measured at 50 o C, while the samples were at near the solubility limit at 20 o C. These data were then interpolated back to 20 o C using the literature correlation [Perry, 1984] .
• The percent density deviations were calculated with respective to the difference between the measured density and that of water; using the AN-102 pre-precipitation sample as an example, ( )
• The percent deviations of the remaining properties were calculated with respective to the measured data; using the AN-102 post-precipitation viscosity as an example, 
VALIDATION RESULTS
The scaled weight fractions of the six major cations given in the lower part of Table 2 -3 were entered into Equation 2-1 along with Temp = 20 o C for each physical property estimation, and the resulting model predictions are compared in Table 2 -4 with the data measured just prior to and right after the formation of the first solids. Table 2 -4 shows good agreement between the measured densities and the model predictions. All the density predictions met the task acceptance criterion of being within ±15% of measured data; all deviations are within ±10% of measured data for both the nearly-saturated (preprecipitation) and saturated (post-precipitation) solutions from the five simulant tests. Of particular interest is the fact that some of the data are above the predicted values, while others are below the predicted values. This is an indication that no significant biases are built into the density model. Table 2 -4 again shows good agreement between the measured heat capacities and the model predictions. All the heat capacity predictions met the task acceptance criterion; all deviations are within ±10% of measured data for both the nearly-saturated and saturated solutions from the five simulant tests. As with the density data, the fact that some of the data are above the predicted values while others are below the predicted values is an indication that no significant biases are built into the heat capacity model. Also worth noting is that the pre-and postprecipitation heat capacity predictions for the AN-107 and AW-101 samples are almost identical; this trend was expected since heat capacity does not fluctuate rapidly (no parallel comparisons are available for AN-102 and AN-103). Table 2 -4 shows fair agreement between the measured viscosities and the model predictions. The task acceptance criterion was not met in 2 out of 8 model-to-data comparisons; the model under-predicted the viscosities of the AN-103 and AN-107 post-precipitation samples by 24.0 and 21.6%, respectively. However, it can be argued strongly that these large deviations were due to the error in the analytical method. Specifically, the viscosity data for these samples were measured using the Cannon-Fenske tubes which operate on the principle of gravity flow through a capillary tube. And there are indications that micro-solids may have been entrained in the two suspect samples and caused the liquid flow through the Cannon-Fenske tube to be impeded, thereby returning a false high viscosity value.
Density
Heat Capacity
Viscosity
The basis for this conclusion came from comparing the data for the pre-and post-precipitation AN-107 samples with those for the AW-101 and AZ-102 samples. The data for AW-101 and AZ-102 show little difference in viscosity between the pre-and post-precipitation conditions. This is expected since the viscosity does not vary greatly with marginal variations in salt concentration. Therefore, one can observe that the viscosity data for the AN-107 pre-precipitation sample closely matched that of AZ-102 at VRF = 40 (in both measured value and deviation from the calculated value). After precipitation, however, something has caused a substantial shift in viscosity (e.g., the presence of micro-solids) in the AN-107 sample. Although no viscosity data is available for the AN-103 pre-precipitation sample, it can be speculated that the likely cause for the substantial shift in viscosity for the AN-107 post-precipitation sample may also be applicable to the AN-103 post-precipitation sample. Table 2 -4 shows good agreement between the measured bulk solubilities and the model predictions. However, the model predictions were found to exceed the task acceptance criterion for 2 out of 10 measured data points; the model under predicted the bulk solubilities of both pre-and post-precipitation AN-102 samples by 15.6 and 21.0%, respectively. A closer analysis of the model trends suggests that these large deviations may be attributable to a bias within the solubility model. This speculation is based on the fact that the predicted solubilities are consistently lower than the measured values for all the samples tested with the deviations ranging from -4 to -21%.
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In order to determine the source for this negative bias, the semi-batch evaporation experiment was next modeled with the AN-102 feed so that detailed profiles of pot concentrations such as total acid and NaNO 3 could be derived, and the model results for a specific sample could be compared directly against the measured data for the same sample, instead of comparing the results based on the general models given by Equation 2-1 and Table 2-1 that cover all waste envelopes.
In Figure 2 -1, the measured concentration profiles of total acid and NaNO 3 in the pot are compared with those calculated using the AN-102 model. As expected, both calculated and measured profiles of NaNO 3 concentration are shown to increase linearly with the increasing VRF or cumulative feed volume, since NaNO 3 is essentially nonvolatile. The difference in slope is mainly due to the difference between the measured and calculated densities of the pot solution, as the total salt content increases. The calculated profile of total acid in the pot is also shown to decrease linearly for the most part from the initial value of 7.5 M to about 3.5 M at saturation with respect to NaNO 3 . However, the measured acid profile is shown to plateau at ~5 M. Since the total acidity in the pot remained higher during the experiment, it took less feed to saturate the pot compared to the model prediction; the measured VRF was therefore smaller than the calculated value by about 19%. In order to look for the reasons why the predicted acidity in the pot drops off more quickly than the measured values, the predicted partitioning of the total acid between the dissociated and undissociated acids was next plotted in Figure 2 -2. The model predicted that 60% of the initial 7.5 M HNO 3 to dissociate into its constituent ions, H + and NO3 -, while the remaining 40% would dissolve as neutral species, HNO 3 (aq). The percent of dissociated acid is shown to increase during the initial phase of evaporation; however, it is then predicted to decrease steadily, as the total acid content decreases with the increasing salt content in the pot. 
. Predicted Partitioning of Total Acid During AN-102 Cesium Eluate Evaporation
In the absence of physical entrainment, the emission of nitric acid vapor from an aqueous solution is determined entirely by the following phase equilibrium between the dissolved but undissociated acid and its vapor phase counterpart at the system temperature and pressure: Therefore, the predicted trend of decreasing acid dissociation with decreasing acid content shown in Figure 2 -2 would shift the equilibrium reaction (Reaction 2-2) to the left, which would in turn shift the equilibrium reaction (Reaction 2-1) to the right, thereby increasing the acid volatilization into the overhead. As a result, the acid content in the pot will continue to drop, contrary to the data trend of leveling off at ~5 M. This means that one way to match the experimental acid profile is to reverse the general trend of decreasing acid dissociation during the latter phase of evaporation, which would then result in reduced acid volatilization to prevent steady drop-off in the pot acidity. For the HNO 3 -H 2 O binary system, this desired trend of increasing acid dissociation with decreasing acidity is indeed thermodynamically consistent. In the case of multi-component cesium eluate evaporation, however, the nitrate ions that counterbalance the metal ions will continue to accumulate in the pot throughout the evaporation cycle, which would seem to result in reduced acid dissociation by shifting the equilibrium reaction (Reaction 2-2) to the left. However, the data have shown that the nitrate ions counterbalancing H + will still dominate in the evaporation of WTP cesium eluate solutions at the starting acidity of ~7.5 M in the pot [Pierce, 2003] .
The AN-102 data shown in Figure 2 -1 are re-plotted in Figure 2 -3 in terms of total acidity vs. NaNO 3 . Also shown is the solubility curve for the NaNO 3 -HNO 3 -H 2 O ternary system. The measured total acidity in the pot is again shown to level off at ~5 M HNO 3 . It is also shown that the solution would become saturated with NaNO 3 , when the measured total acid profile intersects the ternary solubility curve. It is noted that the AN-102 model also predicted NaNO 3 to be the first solid species to form at the VRF of 58. However, the calculated total acid profile is not shown to intersect the ternary solubility curve before saturation is predicted to occur at 3.5 M HNO 3 .
The physical properties of the saturated AN-102 cesium eluate were calculated from the AN-102 model results, and the calculated properties are compared in Table 2 -5 with the preand post precipitation data given in Table 2 -4. The calculated bulk solubilities are now within ±15% of both data points, thus satisfying the task acceptance criterion. On the other hand, the new viscosity prediction is considerably lower than either the post-precipitation data or the earlier model prediction, thus exceeding the task acceptance criterion. However, since all of the post-precipitation viscosity data are suspect due to likely interference by entrained microsolids, it cannot be concluded with certainty that this low viscosity prediction is indeed outside the task acceptance criterion without first comparing it with the pre-precipitation data. In summary, these comparisons seem to suggest that part of the discrepancies shown in Table 2 -4 can be attributed to the use of the general property models that cover all the waste envelopes, in lieu of using individual models specifically designed for each waste tank or envelope. 
APPLICATION OF MODELS
In the previous section, it was shown that the physical property models given by Equation 2-1 and Table 2 -1 adequately predicted measured density, viscosity, heat capacity, and solubility data for the five saturated cesium eluate solutions in 34 out of 36 model-to-data comparisons. Furthermore, since the two solubility predictions that exceeded the task acceptance criterion were limited only to the AN-102 samples, the models were next used to predict the physical properties of the radioactive AW-101 cesium eluate, thereby substituting for the potentially costly evaporation tests in the cells and subsequent property determinations.
Composition of Radioactive AW-101 Cesium Eluate
The radioactive AW-101 cesium eluate samples were taken during recent ion-exchange runs in the Intermediate Level Cell of SRTC, and their analytical data were used as the basis for developing the baseline composition in support of the Scoping Statement 74. The data given in Table 2-6 through Table 2 -8 came from Ref. [Hassan, 2003] ; only cesium eluate data from Cycles 1 to 5 were used because of excessive dilution in Cycle 6. The cesium data given in Table 2 -7 are based on the 137 Cs activity of 86.6 Ci/g and the measured feed 137 Cs distribution of 26% of total Cs. Considering that most of the cesium was eluted in 8 to 10 bed volumes, the following assessments were made on the data:
• The combination of the cesium and bed volume data suggests that cycles 2 to 4 are quite comparable.
• Cycle 1 appears to exhibit some resistance to cesium elution as evidenced by the relatively low total cesium concentration, even though the value of Total Bed Volumes is low.
• Cycle 5 data would be comparable to that of Cycles 2 to 4 if it had not been diluted out to a total of 19.0 Bed Volumes.
• For Cycle 5, to bring it in line with Cycles 2 to 4, adjusting the Total Bed Volumes to 15.5 yields an adjusted total Cs of 86.5 µg/mL.
• The total Cs value for Cycles 2 through 5 at a nominal Total Bed Volumes value of 15.5 averages 94.8 µg/mL. The average value for Na is calculated to be 1730 µg/mL. The lack of measurable quantities for Al, Ca, and K complicates the analysis. As a result, previous work with AW-101 was used for comparison and further to develop a recommendation for relative amounts of each element. The data given in Table 2 -9 came from a system containing nitrate as the only anion. [Hassan, 2003] (µg/mL) 86.5 1760 n/a n/a n/a n/a (mol/liter) 0.0006 0.0765 n/a n/a n/a n/a PROPOSED (µg/mL) 86.5 1760 135 1.9 367 n/a (mol/liter) 0.0006 0.0765 0.0050 <0.0001 0.0094 n/a Several items are worth noting. The data from Ref. [Pierce, 2003] for Al, Ca, and K are below the detection limits cited in Ref. [Hassan, 2003] . There is also some general agreement in the relative amounts of Cs and Na present in each reference. Consequently, it seems that reasonable values for Al, Ca, and K can be proposed for this work using the data from Ref. [Pierce, 2003] .
Using an average ratio for the data from the two references, a multiplication factor of 0.48 (based on 0.58 for Cs and 0.39 for Na) was applied to the data from Ref. [Pierce, 2003a] to arrive at the proposed values for Al, Ca, and K.
Nitrate data can then be used to determine a representative value for H + . The total moles of nitrate present for the AW-101 test in Ref. [Pierce, 2003] can be determined by adding the appropriate amounts in Table 2 -9, after making proper allowances for Al (3 moles of nitrate per mole of Al) and Ca (2 moles of nitrate per mole of Ca). The value for nitrate thus calculated was 0.1016 mole/liter.
The total nitrate data for the radioactive AW-101 eluate samples are shown in Table 2 -10. Although more speculative than the above assessments, it appears as though an anomaly is present in the measurements for Cycles 3 and 4. The reasons for this assessment are:
• The great similarity among the values for Cycles 1, 2 and 5
• The fact that elution was performed with 0.5 M HNO 3
• The data for Cycles 1, 2 and 5 are consistent with the use of 0.5 M HNO 3 for elution
• An average nitrate value for Cycles 1, 2 and 5 is 0.446 mole/liter
The total nitrate for the proposed composition of Compiling all of the above data, not accounting for other minor cations that are in solution, yields the proposed composition of Table 2 -11. The amounts of "other" elements that ought to be included in a proposed AW-101 composition are difficult to determine using only the data of Ref. [Hassan, 2003] ; due to high dilution factors, many of the detection limits are high. At the same time, many "other" compounds were measured in concentrations that are much higher than would be anticipated based on knowledge of the tanks and expected performance of the ion exchange resins. Therefore, additional data were drawn in from two other reports for comparison: BNFL-RPT-014 and SRTC-BNFL-019. The data are listed in Table 2 -12.
Comparing the data in Table 2 -12 clearly show that the values given in Ref. [Hassan, 2003] are artificially high for B, Ba, Cd, Cr, Cu, La, Li, Ni, Sn and Sr. Experience strongly suggests that the value for Ce is caused by ICPES signal interference from another element such as uranium or plutonium. Therefore, two reports exist for proposing the composition of "other" elements. Due to the way the experiments for the two reports were performed, the data from BNFL-RPT-014 is judged to be the best data for these assumptions. The exception to the data is the likelihood that the B or Si values are artifacts from dissolution of glass equipment and sample vials.
Consequently, the following concentrations are proposed as part of "other" elements:
(µg/mL) Ba 0. The total concentration of these "other" species equals 104.2 µg/mL, and this value has been incorporated in Table 2 -11. 
Estimation of Radioactive AW-101 Cesium Eluate Properties
The scaled weight fractions of the six major cations given in Table 2 -11, not including the other species, were entered into Equation 2-1 along with Temp = 20 o C for each physical property estimation. The resulting model predictions are compared in Table 2 -13 with those predicted earlier for the non radioactive simulant. It turned out that all four predicted properties of both radioactive and non radioactive AW-101 cesium eluate at saturation are quite similar, which means that despite the significant differences in the major cation concentrations, the two feeds will produce nearly the same saturated evaporator bottom. It is worth noting that the model also predicted it would take almost twice as much volume of the radioactive feed as the simulant to reach the same 80% saturation point (and the same trend should continue to 100% saturation). In order to investigate the reasons for the near identical endpoints, the compositions of the two eluate feeds are compared in Table 2 -14. It is clearly seen that the radioactive feed is only about half as concentrated as the simulant, when the total salt contents of both feeds, including the acid, are compared. Specifically, the concentrations of all major cations, except H + , are shown to be 40-60% of their respective counterpart in the simulant. However, the acid concentrations are seen to be comparable in both feeds. Since none of the major cation salts except HNO 3 are volatile, they will continue to accumulate in the pot throughout the evaporation cycle. Therefore, when the predicted VRF for the radioactive feed is nearly twice as high as that for the simulant, the total salt accumulation in the saturated bottom will be nearly identical for both feeds, provided that the profiles of pot acidity for both feeds track each other closely. The close tracking of acid profiles has been confirmed in a bench-scale test conducted in parallel during this validation work, which is described in the next section. 
CONFIRMATORY TESTING
A bench-scale evaporator test was conducted as part of the overall validation efforts to confirm the model predictions on the radioactive AW-101 cesium eluate which were discussed in the previous section. Both experimental procedure and results are presented in this section.
Preparation of Cesium Eluate Simulant
The baseline AW-101 cesium eluate simulant was prepared earlier according to the batch sheet shown in Table 2 -15 to support this study [Pierce, 2003] . The mass of each constituent species added to the baseline simulant is shown to be different from those used earlier solely due to the difference in the final simulant volumes made. Also shown in the table is the recipe for the 4X diluted AW-101 simulant used in this test. All salts were weighed on a calibrated balance. Nitric acid volumes were measured using a graduated cylinder whose markings had been validated with weighed deionized water. The final volume for the simulant was obtained by diluting with deionized water. Visual inspection of the final solutions confirmed that all solids had dissolved.
System Configuration
A schematic of the experimental setup is shown in Figure 2 -4. The evaporator, feed reservoir, mist eliminator, and condensers were fabricated in the SRTC Glass Shop. The evaporator is a 5-inch diameter glass vessel with a volume of 2200 mL. Heating is supplied through a Fisher Scientific IR4100 infrared hot plate. The evaporator is wrapped with an insulation blanket and has glass beads in the bottom to act as boiling stones. Feed is drawn into the evaporator by the vacuum in the system and is regulated through a metering stopcock. The temperature of the evaporator contents is monitored using a Cole-Parmer Type J thermocouple and thermocouple readout. The evaporator pressure is measured using a calibrated Omega Engineering PX01C1-O20AI high-accuracy pressure transducer attached to an Omega DP41-E meter. An air bleed valve is attached to the evaporator top to control the evaporator pressure. Condenser #1 is a 4-inch diameter vessel that is approximately 19 inches tall. Cooling coils extend 12 inches down into the vessel. The liquid volume below the coils is 1200 mL and the volume below the gas inlet tube is 1400 mL. Condenser #1 is cooled using a Neslab RTE-211 chiller. Condensate is removed from the system using a Fluid Metering, Inc. Model QV Pump.
Condenser #2 is a 4-inch diameter vessel that is approximately 14.5 inches tall. Cooling coils extend 13.5 inches down into the vessel. The liquid volume below the coils is 150 mL and the volume below the gas inlet tube is 300 mL. Condenser #2 is cooled using a Lauda E200 chiller. Condensate is removed from the system using a Fluid Metering, Inc. Model QV Pump.
Vacuum is pulled on the system using a Vacuubrand MZ 2C Pump. Condensate conductivity is measured using a YSI 3200 Conductivity Meter equipped with a YSI Type 3253 Glass Dip Cell. Titrations performed in the lab use certified 0.0050-0.010M NaOH with endpoint determined using phenolphthalein indicator. 
Experimental Procedure
The semi-batch evaporation test was conducted as follows. The evaporator pressure was kept at 70±3 torr. The starting pot volume was 250 mL containing 7.5M HNO 3 . The evaporator pot was marked with a line to indicate the initial operating volume. As samples were withdrawn, the line was moved to reflect the adjusted volume. The evaporation rate used for the test was approximately 12.5 mL/min. This corresponds to one evaporator pot volume (250 mL) every 20 minutes.
The first chiller was operated at 20 o C and the second chiller at 10 o C. These chillers were operated at temperatures below the RPP design values in order to minimize the amount of condensate lost from the system so that the measured condensate acidity closely reflects the composition of what was evaporated. The other primary controls were the evaporator pot and feed volumes. Temperatures in the evaporator pot and first condenser were monitored with thermocouples.
The test was performed at a rate of approximately 16-20 evaporator volumes per day -eight in the morning and 8-12 in the afternoon. After each set of four evaporator volumes, the vacuum was removed from the system and the condensers were emptied. Any liquid collected in the mist eliminator was charged back into the pot. During the test, samples were periodically taken to analyze for density (10 mL) and total acid by titration (0.10-0.15 mL). The density sample is not altered by the analysis and, therefore, was returned to the evaporator pot. No foaming problems were encountered during evaporation.
A conductivity probe measured evaporator condensate acidity. The conductivity probe was checked against three known HNO 3 solutions -0.20M, 0.40M, and 0.80M -prior to analysis of condensate samples. The condensate from Condensers #1 and #2 were combined prior to analysis. After being mixed, the combined condensate was analyzed for conductivity. Several conductivity results were validated using a titration method. Secondary condensate from each day was also collected and the volume was noted.
At the appropriate time, as saturation was approached, samples were removed and stored to look for precipitation. Samples were removed at volume reduction factors (VRF) of 14 and 16. When samples were removed, the feed and pot control volumes were adjusted to compensate for the withdrawn sample. Upon cooling, these samples were inspected for solids. The evaporation sequence was continued until precipitation was observed in the evaporator pot sample that had cooled to room temperature.
All intermediate samples were analyzed for density at 20
o C using an Anton-Paar DMA 4500 density meter. The density meter is accurate to 0.0001 g/cm 3 . Prior to analyzing samples, the instrument calibration is verified using deionized water. The samples are injected into the instrument, the instrument adjusts the sample temperature to 20 o C, and the sample is analyzed. Intermediate samples were also analyzed for total acid (by titration) and viscosity. Viscosity was determined from the average of triplicate measurements using calibrated Cannon-Fenske Size 50 viscometers (sized for approximate viscosity of 1-5 cp). Primary condensate samples were analyzed for acid concentration using conductivity.
Discussion of Results
The exact point of saturation was difficult to determine instantly because the solution was evaporated at 55 o C and then had to be cooled to room temperature to determine the saturation point at 20 o C. Therefore, the potential for super saturation was high. The best way to identify the approximate saturation point was to withdraw intermediate samples as the saturation point was approached and allow sufficient time for the samples to precipitate. Since the primary salt to precipitate out was NaNO 3 , the end point for each run was estimated using the ternary NaNO 3 -HNO 3 -H 2 0 solubility data. The HNO 3 concentration was measured using acid-base titration. Because of vigorous boiling in the evaporator pot, the total acid value can vary as much as +10% due to difficulty in maintaining a constant volume, although +5% is more likely. . The data show that precipitates were first detected in the pot sample taken at VRF = 58, i.e., when the cumulative volume of diluted AW-101 simulant fed to the pot was equal to 58 times the pot volume. At that point, the concentration of Na + in the pot was 2.8 M at the measured acidity of 5.3 M. The acid and Na concentration data given in Table 2 -16 were plotted next in Figure 2 -5 along with the experimental solubility curve for NaNO 3 in the NaNO 3 -HNO 3 -H 2 O ternary system. Also plotted are the acid and Na concentration data from the earlier test with the undiluted AW-101 simulant [Pierce, 2003] . The open symbols of Figure 2 -5 represent those data points where precipitation occurred. It can be clearly seen that the acid-vs.-salt concentration profiles of both 4X diluted and undiluted feeds are essentially identical. That is, regardless of whether the feed was diluted or not, the two acid profiles tracked each other closely, and the process performance did not change.
In addition, the acid-vs.-salt concentration profiles are shown in Figure 2 -5 to intersect the ternary solubility curve of NaNO 3 just prior to the precipitation, i.e., when the pre-precipitation samples were taken at VRFs = 54 and 14 for the 4X diluted and undiluted feeds, respectively. It is noted that the VRF ratio of the diluted to undiluted feed is calculated to be 3.9, which is very close to the dilution ratio of 4 used in this test. This confirms the validity of the model prediction discussed in the previous section; the predicted VRF of 38 for the radioactive AW-101 cesium eluate at 80% saturation was nearly twice that of the simulant (VRF = 20), when its major cation concentrations were roughly half of their respective counterparts in the simulant at a comparable acidity. 
AW-101 Cs Eluate Evaporation
Physical Properties of Diluted AW-101 Cesium Eluate
In addition to the bulk solubility, the density and viscosity data were also collected during this test to see if the final saturated solution would be any different than that derived earlier from the undiluted feed. Density samples were collected throughout the test, and the resulting data at 20 o C are compared in Table 2 -17 with those obtained earlier with the undiluted feed. When the measured density for the undiluted feed sample taken at a specific VRF is compared to that measured for the 4X diluted feed sample taken at 4 times the VRF of undiluted samples, it can be shown that the absolute difference between the two density data sets is less than 5%, which is within the experimental error bounds. Few samples were analyzed for viscosity because of the inability to take large quantities of samples repeatedly throughout the experiment. Therefore, only two pot samples were taken in each test -the final solution containing few precipitates and the one just prior to the saturation point. The resulting viscosity data are shown in Table 2 -18 along with the density data for the 4X diluted and undiluted AW-101 simulant feeds. As with density, the absolute difference between the measured viscosities of diluted and undiluted feeds is less than 8% for both preand post-precipitation samples, which is well within the experimental error bounds. These results of practically identical acid profiles (Figure 2 -5) and physical properties (Table 2-18) suggest that the solution in the evaporator pot for the 4X diluted feed case is essentially identical to that of the undiluted feed case from the beginning to the end of evaporation cycle, when it is finally saturated with NaNO 3 . Therefore, the validity and consistency of the model predictions shown in Table 2 -13 for the radioactive AW-101 cesium eluate are confirmed by the data collected under comparable test conditions.
VOLUME REDUCTION FACTOR
All four physical property models that were developed for the saturated cesium eluate solutions as part of the Scoping Statement 79 requirements have been validated in this work against data obtained with simulated feeds. During the course of discussing the results of model validation in the preceding sections, the experimental data were frequently identified with and analyzed in terms of volume reduction factor at saturation, which is essentially the cumulative feed volume fed to the pot in multiples of pot volume, until the solution just becomes fully saturated. However, the VRF model was developed specifically for the 80% saturated solutions, since the target endpoint for the actual evaporator operation would be more like 80% saturation rather than 100% saturation so that any potential for forming solids during storage and/or transfer would be precluded.
Despite its usefulness in actual plant operation, the VRF model could not be validated in this work, since it is not possible to determine the 80% saturation point experimentally. Instead, the most that can be done to validate the VRF model is to make qualitative assessments based on the fact that measured VRFs at 100% saturation should be higher than those predicted at 80% saturation. It is the question of how much higher that cannot be addressed in this work.
Both measured and predicted VRFs that were presented in the previous section are compared in Table 2 -19. As expected, the predicted VRFs at 80% saturation for the AN-102, AN-103, and AN-107 samples are lower than the measured data for the respective samples at 100% saturation. However, the absolute difference ranging from 0 to 11% between the predicted and measured VRFs for the AN-102 sample appears to be too small. For the remaining AW-101 and AZ-102 samples, the model is shown to greatly over predict the measured VRFs. Based on these conflicting results, it is therefore recommended that the VRF model in its current form not be used to predict the evaporator endpoint of 80% saturation to support plant operation. 
FUTURE WORK
Comparison of the predicted bulk solubility values and the experimental data suggests that the negative bias of the model is on the order of 10%. Since the calculations were 4 to 21% low, a 10% shift in the bias would place all of the model predictions within ±10% of the experimental data, thus satisfying the task acceptance criterion. As discussed in Section 2.3.4, this negative bias of the solubility model is thought to be partly due to the questionable prediction by the 6-component nitric acid database used in this work on the partitioning of total acid between dissociated and undissociated acids. Consequently, additional database and modeling work is recommended to identify and correct the source of this apparent bias in the solubility model.
APPENDIX A. SAMPLE CALCULATIONS Prediction of the Physical Properties of Radioactive AW-101 Cesium Eluate
The scaled weight fractions of the six major cations, not including the other minor species, are given in Table 2 
